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AERODYNAMIC PROPERTHIS 03? THICK AEROFOHS SUITABLE FOR INTERNAL
BRACLNG.
By F. H. NOETON.
INTRODUC1’ION.
The object of this investigation is the determination of the claracterietics of various
types of wi&a having suflioient-depth to entirely inclose the wing bracing, and also to provide.
data for the further design of such sections. This type of -wing is of interest-first, because
it eliminates the resistance of the interplane bracing, a por~ion of the airplane that sometimes
absorbs onequartm of the total power required to fly; second, because it simpli&s the construc-
tion and assembly of the wing structure, and, third, because these wings may be made to give J
a very high maximum Mt. At the present time, thick internality braced sections are used
with considerable success on several German machines, notably the Fokker and Junker
biplanes. This type of wing was not original with the .Germans, ho~ever, for an btoinette
monoplane waa built and flown in France about 1910, which vvas entirely braced from inside
the wing section. This wing was flat bottomed and had a maximum h/c ratio of one-sixth.
It was intended to investigate the following subjects:
1. IMect of changing the upper-and lower camber of thick aerofoils of uniform section,
2. Effect of thickening the center and thinning the tips of a thin aerofoil.
3. Effect of adding a conver lower surface to a tapered section.
4. Ejfect of changing the mean thickness with constant center and tip sections.
5. Effect of varying the chord along the span.
6. EfFect of varying the thickness and chord in a more complex m~er.
The last subject is not yet completed and till be treated later.
All th~ sections in this test-unless otherwise stated are square ended 3 by 18 inch models,
tested with an end spindIe at 30 M P. H. and are comparable with the tests of the U. S. A.
sections. Lc and Dc are in pounds per square foot and M. P.II. units, and the center of pressure
is given in fractions of the chord from the leading edge. The results have a.precision of about
1 per cent.
THICK CONSTANT SECTION WUNGS.
The Durand 13 section gave such an unusually high maximum lift that some slight changes
were made in the upper camber to determine its best form and height. The surfac~ were
made of wax, scraped to size as descrl%ed in report No. 74. & some of these sections -were
tested by students and the ordinates were not as accurately produced as in the later sections,
the results of the runs are not plotted here. (See the bulletin of the Wperimental Department
Airplane Engineering Division, December, 1918.)” They are suf6cient1y precise, however, to
warrant general conclusions. Except for the higher and more stable maximum lift, these
sections gave results that me in agreement with the N. P. L tests on varying the upper and
lower camber.
On thick sections the maximum ordinate must be kept closely to one-third of the chord
from the leading edge. Mow@ it farther back gives a flatter, but lower burble point, while
moving it forward gives a lower and very unstable lift curve. With the maximum ordinate
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one-third of the chord from the leading edge and a sectiomimilar to the Durand 13, the highest
maximum lift is reached when the greatesti thickness is. about-0.477 inch on a 3-inch chord.
Beyond this height, the lift curve is uns@Me and decreaseswith increase in camber. A section
was tried with a thin trailing edge, but there was no improvement and the lift curve had a very
bad break in it. The Durand 13 seotion was also tested with a Con@ntin type of leading cdgo.
The lift increased rapidly to about 10°, then slowly to about 30”. The maximum Lc and the
n@mum L/D were not improved, however, with this change. It seemE evident that tho
best upper camber has a mminmm height of about 0.477 inch on a 3-inch chord, om+third of the
way from the leading edge, giving a maximum Lc of about 0,00400 and a maximum L/D of 13.
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The lower surface has less effectmn the aerofoil than the upper. As this surface is mado
more convex the lift and the drag decrease until a minimum drag is reached when the section
is symmetrical. The minimum drag also moves .to lowm angles as the 10wer surface is made
more convex. The maximum L/D is not-affected by small changes in the lower surface, but
the L/D at low angles is improved by a small conv~~marnber. .One section with a concave
lower surface was interesting, in that it showed a positive, but unstable, lift at –400 incidence.
Its maximum value for L“ was 0.004M. Several other irregular lower surfaces were tried, but
showed no great improvement over the flat lower surface.
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The best flat bottomed section (used as the mashr section, Fig. 3) seems to be No. 16, which
has an 7L/cratio of 0.158, a maximum h of (0.00392), and a maximum L/D of (13.1). The
Iift, drag, and L/D for this section are pIotted on PIot 1 and the C. P. movemmt on PIot 2.
To illustrate the decrease in wing area allowed by using this wing section, we may take as an “ ‘
examp~e a high-powered machine weighing 4,000 po~ds and having a wing area CR. A. F. 15
section) of 450 square feet, a. loading of about 9 pounds per square foot. TO have the same
landing speed an area of 300 square feet would be sufficient with the No. 16 section.
These wings of deep constant section are satisfactory in respect to spar room and maxi-
um lift, but ~he L~ is about 20 per cent Iower than for the wings used at present.
MASTRR SECTION
3.YMode/ Stat Ce#Ih- &ct& br ‘%?.wd “46
FLWBE 9.
THE EFFECT OF THICKENING THE CENTER OF A THIN WING.
The object of this testis b determine the effecti of thickening the center of the span, and
thinning the tips, of a standard type of section. AUsections through these wings, perpendicular
to the leading edge, are similar to a master section, a modified Durand 13 @g. 3). All ortiates
were obtained by reducing from the co~ponding ordinate of the master section b the same
proportion as the maximum ordinate is reduced by a smooth cur-re from the cmter to the tip
of the wing. This curve is nearly parabohc with its vertex at the center of the span. All
sections were made flat bottomed for ease in cutting. There are two series, No. 40-No. 43,
where the section at the tip has a chord in depth ratio 13, and the center of the span is thickened
successively, and No.44-No. 4(I where the tip has
is successively thickened in the same way except
of ita obvious unsuitability as shown by A70.43.
plotted for sections h’o. 4&No. 46 because i.t wa
shown. The models were constructed of maple,
of the ordinritesgiven in the following tables. Lc
z chord to depth ratio of 25 and the center
‘jhat the deqpest section k ofit~d beca~
The center of the pressure travel was not .
Ithought that nothing of interest would be
3 by 18 inches “and were within 0.005 inch
and Dc (Rots 4 and 5) and “L/D (Hots 6 and
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7) are plotted against angle of incide-ncefor each case. Where the curve was discontinued, a
sharp break was made, as a fairer representation than a smooth curve. On Plot 8 the L/D
is also plotted agakt ~~ ss giving most readily the comparative merits of the various.
sections, A fast machine must fly at 2 to 3 times iteminimum speed so that a high Bpecd
wing must have a high L/D at.gme-fourth b oue-niuih of the maximum Lc. The center of
pressure travel for sectiom No. 40-No. 43 is plotted in the usual manner (Hot 9). I?ii 3
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shows the master section and Figure 10 shows the front profile of the wings. Although drawn
to scale, they are not intended as accurate representations of the wings, but simply to show
the relative shape of he sections.
The following facts are evident from the curves:
Lijt.-&I the wing is thickened in the center, the lift curve shifts to the left and tho maxi-
mum lift increases until h/c in the center of about 0.158 is reached, after which the flow is unstable
and the maximum rapidly decreases. !l%inning the tips shifts the lift curve toward the right,
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lowers and ffathne the maximum, except where the wing is already thin, in which case the
maximum is unchanged. Sections No. 42 and No, 45. show quits a high maximum, 0.00378
and 0.0!)345 as compm%d with 0.00258 for the constant ~cticm wing (No. 40). Sections hTo.42
and No.. 43 show a break in the air flow that-is common in many thick sections. At certain
angks of incidence there may be two or even more types of flow. This condition is somewhat
analogous to a supematurated solution, as a given type of flow can be carried beyond its normal
point of breaking if the angle of incid~ce is changed @owly and carefuuy, but if jarred or left
1 for a considerable time will revert to its stable value. This instability is lwsened and in some
cases disappears with an increase in velocity to 40 M. P. H. This instability of flow is also
associated with aspect ratio, for even the R. A. F. 6 shows a break in the liftrcurve at very low
aapect ratios.
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Drag,—The minimum drag decreases with the thickness of the center section, reaching
the rather low value of 0.0048 for No, 44. The thinner sections, however, show a pronounced
increase in drag at high angles, 140 to 20°, in fact, exceeding the drag of the thicker wings.
Thinning the tips decmasea the drag at all angles.
L/D.—The L/I) increases at all anglm as the wing is thinned down. With reference to
Ploh=- the thickest wing, No. 43, gives a comparatively poor performance, ‘while the thinnest,
No. 44, is shown to be most excellent in this respect; the other sections falling between them.
The max. L/D ranges from 13 to 18.2, increasing progrewively as the wing is thinned.
Centeroj premwe. —The center of pressure travel becom~ 1sss, and the C. P. is slightly
farther to the rear w the thickness is increased. TIM travel on No. 40”lies 28 per-cent from
the leading edge at 12° and 51 per tiegt at 0° while on .No. 43jt moves, between the same angles,
from 35 to 47 per cent.
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This test shows that a thin fk+bottimed wing (No. 40) maybe thickened in the center
until an’h/c ratio of 0.158 is reached @To. 42), with an increase in maximum lift of 50 per cent
and a decrease in the maximum L/D of 18 per cent. and in the L/D at one-ninth maximum Lc
of 30 per cent. If at the same time the tip is thinned to an Ii/c ratio of ~ @’o. 46) the maximum
lift is increased 32 per cent the maximum L/D is reduced 12 per cent and the L/D at one-ninth
maximum Lc is reduced 18 per cent as compared with h70. 40. The thickness can not be
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-.increased beyond this, for the maximum Lo anclL/D fall off rapidly. If a flat+bottom section
(No. 40) be thinned at the tips to an h/c ratio “of one-twenty%fth (No. 44) the maximum lift is
unchanged but the maximum L/D is.increased 6 per cent and the L/D and on-ninth mafinm
Lc is increased 20 per cent. The wing is, of course, of no use for interred bracing, but is included
in this report to complete the series.
There is no particular reason why these sections shodd be compared to Xo. 44, as this was
simply a reduction of the matter section to the thiclmws of an average wing. It happens to
have a fairly good”LP and a rather low maximum lift. For a more genersl comparison, section
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.
No. 46, the most practical section fm internal bracing, can be compared with a high lift section,
U. S. A. 2. Section No. 46 hss a 7 per cent increase immaximum Mttand a 3 per cent decream
in maximum L/D over the U. S. A. 2, and the LID at%ntminth maximum Lc is 30 per cent
higher on section No. 45.
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THE EFFEOT OF ADDING A CONVEX LOWER SURFACE TO A THICK TAPERED WING.
As the limit of thickness is reached with a flatibottomed section when L/c equals 0.158,
it is intended to determine the effect of adding a convex lower surface to wings hTo,46 and No.
51, so that the h/c ratio yin be incressed to one+fth at the center (Fig. 16). These sections,
hTo.50 and No, 53, have. the lower surface reduced in the same manner as the upper surface
is reduced in going from the center to the tips. The spar room is increased 25 per cent and the
A.ERODYNAMIO PROPEBTI= OF THICK AEROFO=.
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general performance of the section is improved by this addition, making this one of the few
changes that are both structurally and aerodynamically bticial,
Adding a convex lower surface of this type gives me follow@g results:
Lift.-The maximum Lc is reduced 3 to 6“per cent. The lift “is reduced at alI angles, but
at 0° to 4° is quite high, giving a decided hump to the-curve at $& po~, This charact@stic “
.
.
MM%UUM J..C?WV NO.&+fAL TO cWO.W
FULL51ZE C.WV?D-3”
FIGUBE16.
was noticed when a convex lower surface was added to the Durarid 13. Section No. 50 gave an
unstable burble point at 30 hf. P, H., but at 40 M. P. H. gave a very flat maximum with the
same value of Lc. (Plots 11 and 12.)
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Dr~.—The~rag is lowered at all angles except near the burble point,. and the position of
the minimum is moved to more negative angles. The@nimum is lowe~~d ab~ut 20 per cen~
and has a flatter curvature (P1OIX11 and 12).
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L/D.—The maximum L/D is reduced 1 or 2 per cent, but the L/I) at onequarter maximum
Lc is increased 10 per cent, and that at ons%inth maximum LO35 per cent (Hots 13 and 14).
Center of pressure traveZ.—The center of pressure travel for No. 50 is plotted in Hot 15,
and shows no difference from the travel on thin sections.
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Both of these sections are excellent from eve~ po int of view. They allow room for ample
spars (lO-inch depth on a 5-foot chord), have a high maximum I+ a maximum L/D only slightiy
$
%:
[
figure 17.
The following facts are evident from this ted:
Lijl.-The lift is everywhere decreased as the section& thinned and all the sections ~how a
flat burble point. The lift do= not decrease as rapidly as the thickness, for the lift is approach-
ing the limiting value of a flat,plate. (P1ot-18.)
lower-than the average for thin wings, yet have an
L/I) at low vahms of Lc that is only exceeded by a
few thin seotions, Section No. 50 giva the higher
maximum lift and the greater room for spars, but
No. 53 gives the higher efficiency.
THEEFFECT OF VARYING TEE MEAN TEUCKNESS IN A
SERIES OF WTNGS ~H CONSTANT TIP AND CENTER
SECTIONS.
The object of this series was the determination of
the effects due to thinning the wing more or 1sss
rapidly from the center to the tips. Front profiles
of these sections (Nos. 46, 51, 52) are shown on
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Dr~.-The drag at low angles decreases with the thickness, but less rapidly as the wing
lmcomes thinner, It is interesting to notice thal above 12° the thicker wing has the least
drag. (Plot 18.)
.. . . .
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L/D.—The maximum L@ increases as the wing is thinned, reaching 17.4 for No. 62. At
low angles the efficiency is inc~~ased in the same way. At high angles, howev~r, the thicker
--
win@ ara the more d%cient. (Plots 19 and 20.)
ConcZuaiam.-The results obhined from this series show &at-these winga have properties
in general in close agreement with those of a uniform mean section. The more strongly tapered
ones show, however, an evidently greater efficiency at low angles than the mean uniform section
would indic~te.
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WINGS WITH VARYING CHORD.
The wind tunnel investigations of wing+ that have a chord which varies alo~u the span is
a rather difiicult problem, because of the great alteration in the properties of similar aerofoils,
when the chord is changed. It seems evident, at least with thick sections, that the chord can
not be reduced ta less than 2 inches at 30 M. P. H. without introducing a break in the air flow
that materially reduces the va3ue of the maximpm Lift. For instance, awing with a 2-inch chord
at the tip and a 3-inch mean chord, gives a unifornily better performance than a similar constant
section wing, but if the tip is reduced to 12 inches, with the smne mean chord, the performance
is markedly inferior to, the constant section wing. Again, section No. 49 (Plots 21,22, 23),
having a 24-inch span and a 1~-inch chord at the tip, gave a maximum Lo 0.00360, but when
A7f.?o. “ &
Lc#bx. Pib/.?L A.7gleafdomfh bvhd
. ...
.
3 inches were cut off of each tip, leaving an H&inchspan and a .?t-inoh chord at the tip (Fig- 24),
the maximum Lo was increased to 0.”00413. This do= not prove, however, that on a full+a ‘
machine, where the LV is large, a small chord at the tip is a disadvantage.
-.
For this same reason it seems probable that win&tunnel tests on wings with rakid and
rounded tips, although showing a eonaiderahle advantage over a square tip, do not show as
comparatively great an improvement as actually occnrs on the full-sized machine. In order
to investigate this matter folly, a series tif similar se.ctione should be tested with the greatest
possible range in LV.
This subject of varying the chord was taken up not so much with the hope of improving the
aerodpamic properties of the wing, but because of the structural advruitagg pcssessed by
this type of wing. When the chord is diminished at the tip and increased at the center, not only
-.
is the spar depth increased at the center, but the center of lift of the wing iabrought closer to the
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body, thus decreasing the bending moment in the spare. If the wing is tapered sufficiently, the
spars can be brought together at the tips as in the German Ago, simplifying and increasing the
rigidity of the drag truss.
. .
I ?8 !
FIGUEE24.
In comparing sections 16 and 48. (Plots 21,22, 23) it is seen that the section with a varying
chord has 5 per cent higher maximum lift and substantially the same L/D atmll points. When
</of23. &L. /vcw.
,—
the L/D is plotted against *it is evident that the constant section wing is inferior in.
e&iency at every point. There was time for only a very limited study of this subject, but
the results show enough promise to deserve further investigation.
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It is a rather difEcult matter to co”mpare the properties of the different sections tested
because of the munber of variables present. It was thought that a comparison could be best
made by plotting the mean thiclmess of the wing agaigsfi the Lo, Dc, and L@ for various sngles
of incidence, and agtit I@ for various values of Lc. Instead of using the actual thic:kn-
of the wing the ratio of the span to the mean thickness is used, and will be tinned thiclmess
ratio. In this report the term will be applied only when the aspect ratio is eix. Another
characteristic of the wing is the ratio of the mean thickness of the wing to the maximum tbick-
nesi, or amount of taper. Tlmse characteristics for a number of the wings are tabulated below:
.—
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On plots 25 to 28 the properties of these wings are plotted, against thiclmeea ratio. It was
not expeoted that the points would lie on a smooth curve, but it was hoped that there would
be enough regularity to determine a mean line, from which the deviation of the points omdd
be studied.
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It is seen from plot 25 that the lift coefficientdemeases with an increasOof t.hickncsaratio,
and of course will approach the values for a flat plate. As the thickness ratio is decreased below
50 the b at low angles begins to increase rapidly, but at high angles increases lws rapidly and
at the highest lift has reached a maximum at about 37. It is interesting to notice that wings
Nos. 43 and 16, having practically the same mean thickne~, lie closely together up to 6°,
after which the flow breaks on the former and its lift values at high angles are very low. All
the other points lie closely to the mean curves and show nothing of interest.
On plot 26 it is seen that the drag at low angles increases as the thickness ratio decreases,
but at 10° the drag is a minimum when the thickness ratio is 80, and at 14° when it is 50. At
low angles the drag is quite regular, but at high angles the points do not lie on a smooth curve.
As would be expected, wing No. 43 has abmnmmlly high values of drag above 6°, l.mt below
this agrees weIl with No. 16. Wing No. 52, and to a lewer extent No. 51, show an unusually
low drag a%dl angles and a large drag at high angles. From the table above it will be noticed
that these Fwowings have the greatest taper of any.
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The points on plot 27 aro naturally less regular @gn on the others, but it is evident that
efficiency increases with the thickneea ratio between 20 and 8°, but at lower and
higher angle; itnoccurs at a lower thiclmess ratio. The efficiency is’ I&her with the thicker
wings at 0° onIy because this angle isfarther from the angle of zero lift on the thick wings and
not because these wings are more efficient at high speeds. At high angles, however, wings with
athickness ratio of about 50 are the most efficient.
This is shown more clearly on plot 28 where the ef%ciency is plotted against thickness
ratio for various values of Lc. For low values of Lc the eficiency increasessteadily with the
thickness ratio, but at Lc”of 0.0014 the efficiency reaches a maximum, which moves to lower
values of thicknew ratio as the Lc incieascs. Again Nos. 52 and 51 show an abnormally high
efficiency at low and medium values of Lo. Ilo. 16 Ehows a Slightly higher L/l) at all angles
than No. 43.
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It may be concluded from these curves that the areodynamic properties of a series of
similar wings depend in a regular way on the mean thickness, no matter what the taper. It
seems possible then to predict the properties of any varying section wing with fair accuracy
froni a study of similar constant section wings. It is impossible, however, to exceed at any
point of the wing an h/c ratio of 0.159 without exceeding the critical value. Therefore, in order
to obtain the highest maximum lift, the wing should be of constant section. Wings that have a
considerable degree of taper appear to have better high-speed properties than uniform section
wings. This improvement is not very large but is weIl outside the experimental error.
In order to show clearly the relative properties of the various sections tested and their
reIation to the usual types of wings, their more important characteristic are tabulated below,
together with a few rep&entative-tk sections: -
.
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Iin sections a t%ick uniform section Iike LNO.16
1. Thick secti&s may give 50 per cent higher maximum lift.
2. Thick sections are more likely to give an unstable flow at large angles of incidence.
—
3. On thick sections the angle of no lift occurs at lower angles of incidence and the burble
.-
point at higher angles, thus extending the anguIar flying range.
4. Thick sections have a flatter drag curve; that is, the minimum drag is higher, but
Dc rises less rapidly on either side of the minimum.
5. The L/D curve for thick sections’ is flatter than for thin sections, rising to a low~ermad-
mum, but holding a value close to its mmximum at high and low angles of incidence.
6. The center of pressure travel of thick sections is further to the rear and of less extent
than on thin sections. .—
7. Thick sections are more eficient at high angles of incidence.
The best tapered sections give lower maximum L/D than the thin sections, but the elliciency
at all other points is as good.
By tapering the wing both in plan form and thickness it should be possible to construct a
wing which has an h/c ratio in the center (mean chord) of 0.270 and aerod~amic properties
comparing quite favorably with the thin ;ections used now. This thickness would make
possible the use of 14-inch spars on a 5-foot mean chord. A tapered wing has the advantage
of ha-ring the greater part of the lift on the portion of the wing close to the body, due both to
the greater area and to higher lift sections at this part of the wing, thus decreasing the
bending moment in the spars.
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To illustrate the value of thick wings on a machine, the performance is plotted for a 400
H. P. 3,600-pound biplane, using first a R. A. F. 6~ction with the iisual tiing bracing, second,
section 53 with the same bracing, and third, 53 without external bracing. No corrcc~iuns
were added to the data from wind tunnel tests, as Qnly comparative results were required.
— ... ._ -.. —,.
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From the IL P. curves plotted below (Plot 29), ass
following summary is obtained:
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Compared with the R. A. F. 6, No. 53 section under the same conditiom of. structur~~
resistance gives the same power to climb and increases the mtmimum speed 4 hi. P. H. VTltL-
out interplane bracing this section increases. the climb about. .20 per cent and the mwrirnum
speed from 122 to 14QM. P, H.
.-
—..
It seems evident from these tesb cm modds that wings may be designed with ample room
for cantilever spree and have at the same time aerodynamic properties comparing favorably
with the thin sections used now.
This subject of varying section wings k-so large that ~tiy a beginning h&”“been made in
this report, for there is an almost infinite number d. -rafi.ablw to study. The results, however,
show enough promise to warrant further research with W&S b Wfich th~ Chord and thickno=
are varied in a more complex manner. The thick tapered wings should also bo @ted on full-
sized machines.
. .
.*
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